We propose and demonstrate a method for the dynamic-range compression of images using two-wave mixing in photorefractive materials. This method, in which an image is carried on the signal beam, permits a certain amount of control over the shape of the input and output curves by the variation of the pump intensity, the coupling constant, and the time at which the output image is examined. We also discuss the possible option of adding a feedback loop from the output image so that the range compression can be adapted to suit the intensity profile in the input image.
Introduction
When photographing images, one often comes across the situation in which various parts of the picture are at intensities that vary by a few orders of magnitude. Upon photographing such images, one sees that the bright parts of the picture saturate the picture and the darker parts do not receive enough exposure. Thus for example, an input image with an especially bright background will flood the photographic image so that details of a particular item in the foreground cannot be seen. The human eye and the eyes of other advanced organisms provide a partial solution to this problem by a mechanism known as darkness adaptation." 2 When the eye is subject to a particular background intensity, the response curve (the amount of response as a function of input intensity) of the cones is shifted accordingly so that the sensitivity is optimal over a particular range near each background level; for intensities over this range the eye reaches saturation. This shift in response curves is shown in Fig. 1 . The adaptation of the cones and of other elements in the human visual system (rods and bipolar and ganglion cells) is a complex process that depends on a number of factors in the image entering the eye and is not yet totally understood. Yet the aspect of tailoring the response curve so that the optimal response is over a certain range, above which saturation occurs, is central.
A basic device utilizing the fanning effect in photorefractive crystals for image range compression has been demonstrated. 3 This device utilizes the varied time dependence of the fanning buildup on the intensity of the pump beam. A monochromatic picture is imaged into a photorefractive crystal, and this beam experiences a loss of intensity because of fanning. Since the time constant involved in two-wave mixing decreases with intensity [with an experimental dependence of roughly r C I-0.7 (Refs. [4] [5] [6] ], different parts of the picture with varying intensities experience difference time constants. Thus the parts of the picture that have higher intensities develop their fanning at a faster rate than do the areas in the picture with the lower intensity. Thus if we consider the picture at the output of the crystal in time at a time before steady state, the bright parts of the picture will lose a higher percentage of their intensity than do the darker parts. This pre-steady-state image will thus experience a reduction of the contrast between the brighter and the darker parts of the picture, i.e., a dynamic-range compression. The extent of this compression depends on the specific time at which the image is photographed, and at steady state, compression does not take place as the lowerintensity fanning catches up with the higher-intensity fanning.
This solution is a partial one at best. Since the I-0.7 dependence of the time constant is not a very strong one for higher intensities, the compression will not be strong unless the image is first attenuated uniformly. Another problem is that this effect involves the weakening of the signal in order to observe the compression (at the expense of the fanning), which may be an undesirable quality. Additionally, 
Method
For a basic understanding of how this method works we consider the two-wave-mixing dynamic equations. For the basic configuration of Fig. 2 , in which the Ai are the electric-field amplitudes of the beams and Oi is the angle between beam i and the optic (c) axis, we have 4 ' 8 Cos 01 aA(z, t) -aA 1 (z, t) -g*(z, tA 2 (z, t),
where a is the attenuation of the material and g(z, t) is proportional to the amplitude of the index-ofrefraction grating written in the photorefractive crystal. The time-dependent differential equation for g(z, t) is given by the compression does not remain at steady state and is time dependent. This may not be a critical limitation, but it requires that the image be photographed at a particular time. Additionally, the degree of control over this process is limited: a change of orientation of the beam with respect to the crystal axis does result in a change in the coupling constant, which changes the dynamics of the development of the fanning, but otherwise the ability to create different response curves tailored to specific needs of dynamic-range compression and contrast reduction is limited.
The double phase-conjugate mirror (DPCM), whose reflectivity is dependent on the ratio of the pump beams, has been suggested and demonstrated as a possible tool for thresholding. 7 Since the DPCM operates only for a certain range of pump ratios, then if we fix one pump, the DPCM will create a phaseconjugate reflection for the second pump if its intensity is within a certain range of intensities permitted by the DPCM. If the second pump beam intensity is either more or less than this range, then no phase conjugate at all will be generated. This is then a different type of processing based on the distribution of intensity in an image, but it is not the desired dynamic-range compression since higher intensities are eliminated rather than just saturated. Also, the dynamic range of the DPCM is narrow, so it would not be able to process images with too wide a difference in its intensity profile without completely eliminating some of the intensities in the picture.
We propose and demonstrate a new all-optical method for dynamic-range compression using twowave mixing in photorefractive crystals with the image being carried by the signal. This method permits a much greater control over the form of response curves by varying parameters of the twowave mixing, and it is shown to effectively reduce contrast in simple and complex images.
, + g(Z t)= -y (2) where T is the time response of the crystal, Io is the total intensity (Io = A 1 12 + A 2 12) in the interaction region of the beams, and y is the photorefractive coupling coefficient, which depends on the orientation of the beams, their polarization, and other material parameters.
The general dynamic solution has been studied numerically4 (and in the undepleted pumps approximation, analytically 8 ). The steady-state solution for two-wave mixing is readily derived as For very small signal intensities [I, << Ip exp(-Fl)] the gain becomes G = exp(R), whereas for high signal intensity (I, >> Ip) it reduces to unity. Physically the small-signal case corresponds to the undepleted pump case, whereas the large-signal case corresponds to the saturation of the pump beam. Between these two extremes the gain decreases monotonically.
This gain characteristic is precisely what is desired for dynamic-range compression. Low intensities receive a large gain, whereas high intensities do not receive any gain at all; thus the intensity contrast between different parts of an image is reduced. In addition, the signal receives an overall gain so that the contrast reduction does not involve a weakening of the signal.
This method permits a great deal of control over the form of the response curve (the output-signal intensity, Iout, versus the input intensity of the signal, Is). Figure 3 illustrates some possible response curves resulting from changing the pump intensity. We see that increasing the pump intensity causes saturation for a higher-intensity signal, although for lowintensity signals the gain remains the same. This is similar to the shifting of the response curve in the eye whereby the response curve can saturate at various intensities while the shape of the curve remains essentially the same.
A different type of response-curve shaping can also be achieved by changing the coupling constant. Figure 4 shows various response curves resulting from changing XI. It can be seen from this figure that changing -yl changes the essential shape of the curve: increasing the coupling constant increases the gain for low intensities, resulting in a higher contrast reduction. Additionally, the transition to 0.9 saturation occurs over a much narrower range of intensities when yl is higher. ,yl may be adjusted by changing the orientation of the beams and of the crystal. By examining Eq. (2), one can see that another method of effectively lowering the coupling coefficient is possible. By addition of an incoherent background beam of intensity Ib, which makes total intensity Io = I, + I2 + Ib, the grating writing mechanism is weakened. Effectively, this is equivalent to reducing y directly. Thus one may position the crystal to permit maximum -y and then vary y effectively by adding a background beam. This has the advantage of eliminating the need to reorient the crystal to change y.
These curves are based on the steady-state intensity expressions. However, the transition to steady state is a smooth and monotonic one, and examining the picture before steady state is fully achieved still gives the same approximate behavior as that in steady state. However, if we examine the picture at an early stage of the two-wave-mixing process, the dynamic-range compression will not be as strong as in the steady state. This can be understood in light of the dependence of the signal buildup time on the signal-to-pump ratio (SPR). Since low SPR signals take longer to buildup to their steady-state values than the high SPR signals, 4 the stronger elements experience their gain faster, and only later do the weaker elements experience enough gain to approach the steady-state compression. A set of response curves calculated for various times before steady state with the method of Ref. 4 is shown in Fig. 5 for yI = 4 andIp = 1.
Experimental Results
In order to check the basic operation of such a device, we set up the simple configuration shown in Fig. 6 . The lens (lens 1) situated between the slide and the crystal is used to accomplish two goals. First, it demagnifies the image so that the original image of 1 cm can fit in the 0.2-cm crystal and also so that the crystal is in the image plane of the side so that the dynamic-range compression in the crystal takes place on the image and not on a transformation of that image. Since the full two-wave-mixing process occurs over the length of the entire crystal (typically 0.7 cm), it is important to ensure that the depth of the image is larger than or at least of the order of the length of the crystal; i.e., moving 0.35 cm in either direction from the image plane would more or less leave the image intact. Therefore we used small input images and a relatively large-focal-length lens (f = 135 mm with distances of 80 cm between the slide carrying the image and the lens and 16.24 cm between the lens and the crystal, permitting a demagnification of 1/5). An additional lens is used after the crystal to magnify the output image. From simple measurements of steady-state gain (factoring out losses) at low signal intensities [I/ Iiexp(2yl)], the yl in the system used was approximately 3.1, and the pump beam was made to be wider in the crystal than the signal to ensure that the entire signal beam profile was overlapped in the crystal. Thus signal-topump ratios given here are factored to take into account the different areas of the signal and the pump beams.
To check the basic operation of the system, we entered a simple image consisting of two half-circles at different intensities. In the first case we entered a picture whose contrast ratio (bright-side intensity to dark-side intensity) was 62:1. Using a signal-topump ratio of 0.5 for the bright side of the image and 9 x 10-3 for the dark side (or an average SPR of 0.254), we reduced the contrast to 2.18:1 as the system approached steady state, giving a reduction in contrast by a factor of 28.4. This corresponds fairly well with the steady-state calculations, which indicate a contrast reduction by a factor of 32.3 for these values. A photograph of the image before and after the compression is shown in Fig. 7 . By changing the intensity of the pump beam, reducing yl (with background beam insertion), and observing at pre-steadystate times, we also achieved different contrast reductions in the range from 1 (no change) to 28.4 (large contrast reduction).
To give an idea of the usefulness of this type of system, we imaged the picture into a CCD camera before and after the dynamic-range compression. Figure 8 shows the line profiles of intensities across the two-semicircle image. In Fig. 8(a) (before the compression) the CCD line profile shows that the CCD camera reached saturation for the bright half of the image, yet the darker part of the image was barely discernible from background noise in the CCD image. profile of se enhanced by this processing. Apparently this is due to the aforementioned image depth problem. Since the crystal was not far from the focus of the beam, the image was present in one plane in the crystal but not throughout the entire crystal; therefore processing did not occur only in the image plane. In this way, other filtering effects also took place. To improve this configuration, one should use larger-focal-length lenses and/or smaller original images (and hence less demagnification, which is necessary) to increase the depth of the focal plane to overlap the entire crystal.
A second image was entered into the crystal, this one a circle divided into quarters, each of a different intensity. With an signal-to-pump ratio averaged over the entire signal of 0.1 the contrast was reduced from 1650:148:71:1 to 18.4:10.0:4.2:1.0. A photograph of the image before and after compression is shown in Fig. 9 . Thus the order of the intensity magnitude is still preserved, permitting intensity variations to remain in the image but with a strong compression. Once again, varying the intensity of the pump permitted different values of compression in the image. In order to test the usefulness of this method for a real image, we used a dark picture of a gorilla on a bright background as an input picture. This is shown in Fig. 10(a) , in which the bright background saturated the photographic image, and the face of the 120 gorilla is not discernible. Figure 10(b) shows the photographic image after the compression has taken place, indicating that this method can be effective for mi-images carrying more complex information on it. This dynamic-range compression method discussed until now has dealt with the compression taking place in the image plane. Shifting the lens so that the crystal lies in the Fourier plane permits this dynamicrange compression to act on spatial frequency components. This method causes the frequency components with the strongest components to receive less of a gain than spatial Fourier components that were weak to begin with. For most simple images the dc components are strong as compared with higherfrequency components. These higher-frequency components, which are responsible for sharp changes that occur in the image, thus receive the highest gain, resulting in edge enhancement. The reverse occurs if the high-frequency components are stronger than the lower spatial frequency components, which would result in an edge de-enhancement. This type of edge enhancement has been proposed and demonstrated 9 -' 2 as well as edge enhancement using the DPCM. 7
Dynamic-Range Expansion
Considering the fact that the expression for the steady-state intensity of a signal beam provided the possibility of dynamic-range compression using an image carried on a signal beam, it seems possible that the opposite function, dynamic-range expansion of an image, might be possible with the pump beam as the image carrier. Indeed the shape of the steady-state response curve with the pump as the image carrier is exponential in shape, thus providing in theory a mechanism for dynamic-range expansion. However, as opposed to the time behavior of the signal beam, which reaches its steady-state value smoothly and remains close to its steady-state behavior within a few percentage points, the pump behavior oscillates strongly before it settles on its steady-state value. The time-dependent behavior of the pump is illustrated in Fig. 11 for various yl values. The intensity of the pump is plotted on a logarithmic scale so that changes in orders of magnitude close to zero can be seen more easily. Thus for example, the pump in a two-wave-mixing process with yl = 3 undergoes an undershoot to less than 10-6 before settling on its steady-state value of slightly more than 10-3. Thus an undershoot of three orders of magnitude occurs in the time development of the pump. The nature and the number of these undershoots are dependent on the coupling constant. Thus on its way to steady state a dynamic-range expansion system would undergo strong oscillations that would vary with the intensity distribution of the image carried by the pump.
Theoretically, permitting the interaction to proceed for a long enough time would let all components of the pump reach steady state, giving the desired compression. However, in the laboratory the system was not seen to reach complete steady state, and an image carried by the pump beam was seen to have many different instable intensity regions. It seemed that small disturbances or small vibrations were enough to set the dynamics of the interaction far enough to not reach steady state. However, if one were to affect the signal beam at the same time, these oscillations would not be apparent. Perhaps a more steady setup would permit the pump beam to pass the oscillation stage fully without getting set back being affected.
Discussion
We have demonstrated a dynamic-range compression device using two-wave mixing in photorefractive media. The controllability of the form of the response curve is similar in certain ways to the way the response curves of various cells in the eyes of advanced organisms can be adapted. In humans the mechanism responds to certain features in the image being perceived, but another important factor in living organisms is the mechanism of biofeedback. Thus for example, a person who is interested in the features of a particular object in his field of view will continually use the information received about the picture to further determine how to shift more precisely the response curves so that the features of the object can be best perceived. This leads one to consider the possibility of using a servo loop in the dynamic-range compression application to serve as a feedback mechanism by which a finer tuning of the parameters can constantly update the response curve, thus making the performance self-adjusted. This servo loop could consist of, for example, a detector at the output of the device that sends signals to adjust the pump intensity or the intensity of a background beam. Of course one would have to come up with the criteria by which any type of feedback decisions would be made. This could vary by application.
As an example, one could always place the object that one is interested in observing at the center of the image (as the human eye does). A detector placed in the middle of the output image could then update the control mechanism so that an ideal level of the intensity in the center could be established. In other cases, a measurement of the background intensities could be used as feedback for setting the various parameters so that the background intensity may be saturated.
The nature of the resolution of the dynamic-range compression should also be investigated. For certain types of input images one may not want the contrast reduction to be overly localized. In such a case one may want the contrast reduction to take place only on the average intensity of larger regions in the picture. In this way the localized detail revealed by differences in intensities would be preserved. For such an application a low-resolution system is desired. The other resolution issue that must be addressed is the inherent limit in the pixelization ability of the photorefractive material. The photorefractive effect is a nonlocal one and depends on the diffusion and drift of charge carriers to establish a grating pattern. Thus one cannot assume that dynamic-range compression will occur down to scale zero (or even to the diffraction limit) if one desires to use such a resolution.
A localized intensity has meaning only if this intensity is able to redistribute the charge to form a grating. Thus one must take into account both the desired resolution and the pixelization limit of the photorefractive material. In a well-designed system the size of the image entering the crystal would be set so that the resolution limit of the crystal gives the desired maximum resolution for the dynamic-range compression.
Conclusion
In this paper we have proposed and demonstrated a method for controllable dynamic-range compression of images using two-wave mixing in photorefractive materials. A large amount of control over the shape of the response (input and output) curves may take place by varying certain parameters of the two-wave mixing. Operation in the Fourier plane is discussed as is the difficulty of constructing a dynamic-range expansion device using the same principle. The possible use of a feedback loop to update the parameters is discussed.
